Induced Ge Spin Polarization at the Fe/Ge Interface 
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We report direct experimental evidence showing induced magnetic moments on Ge at tlie interface in an 
Fe/Ge system. Details of the x-ray magnetic circular dichroism and resonant magnetic scattering at the Ge L 
edge demonstrate the presence of spin-polarized s states at the Fermi level, as well as d character moments at 
higher energy, which are both oriented antiparallel to the moment of the Fe layer Use of the sum rules enables 
extraction of the L/S ratio, which is zero for the i- part and ~ 0.5 for the d component. These results are 
consistent with layer-resolved electronic structure calculations, which estimate the s and d components of the 
Ge moment are anti-parallel to the Fe 3d moment and have a magnitude of ~ 0.01 p,B- 



Transport of spins across the ferromagnet/semiconductor 
interface and their manipulation poses many fundamen- 
tal questions but has wide implications for spin-based 
electronics yj. A key area is understanding how spin po- 
larized electrons or holes are injected from a magnetic ma- 
terial into a semiconductor|0 |3|. Semiconductor-based 
systems are intriguing since the electron's spin can main- 
tain coherence in a semiconductor while being transported 
over length scales that are orders of magnitude larger than 
those achievable in a metal[4J. The Fe/GaAs system ini- 
tially demonstrated low efficiency of spin injection, which 
was understood to result from the large conductivity mis- 
match between the metal and semiconductor|6|. Recent re- 
sults though have demonstrated high spin injection efficien- 
cies by tunneling through the Schottky baiTier formed at the 
metal/semiconductor interface|7]. However, to fully under- 
stand these systems requires a detailed understanding of the 
electronic and magnetic structure at this boundary, which will 
impact the ability for electron or holes to be transported into 
the semiconductor. 

Interest in Fe/semiconductor systems (e.g., Fe/Ge, 
Fe/GaAs,. . . ) has been driven by the close lattice match 
between the two materials enabling growth of single-crystal 
structures. Early work demonstrated the ability to grow 
expitaxial thin films|8|, but significant intermixing at the 
interface was observed as wellisi 0. Further studies 
demonstrated that at the thin film limit the Fe layer possessed 
an in-plane uniaxial anisotropyl 11, 12, 13], which has 
been connected to thickness dependent interface strain|14]. 
Evidence of significant 3d charge transfer at the Fe/GaAs 
interface has been observed and was connected to bonding 
between Fe and As fTsll . With respect to the interface induced 
moment, electronic structure calculations have predicted 
an induced moment and modified density of states at the 
boundary 11^03 El- 

To date though there has been no direct 
evidence for these induced interface moments. 

In this Letter we present direct evidence of spin-polarized 
Ge at the interface with a magnetic transition metal. X-ray 
magnetic circular dichroism at the Ge L edge in an Fe/Ge 
multilayer provided unambiguous evidence for induced spin 
on Ge. Comparison with single crystal results enable the iden- 
tification of the spin polarization into a ,s- moment close to the 



Fermi level and a d component at higher energy. The data is 
consistent with an antiparallel induced moment on Ge with 
indications of a nonzero orbital moment for the d component. 
Layer-resolved electronic structure calculations show the in- 
duced moment is localized around the interface with the s and 
d moments ~ 0.01 hb that are anti-parallel to the Fe 3d mo- 
ment. 
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FIG. 1: Average absorption (I -l-I~) and x-ray magnetic circular 
dichroism (XMCD = (I^-I~)) at the Ge L edge for the Fe/amorphous 
Ge multilayer. Nonzero XMCD gives clear indication of an induced 
magnetic moment on Ge. Structure in the XMCD is attributed to 
both spin-polarized s and d states, as well as a small magnetic sig- 
nal in the extended signal, which might be due to magnetic extended 
absorption fine structure. The red line is a Gaussian fit to the data 
discussed in the text. 



Element-selective magnetic measurements were made us- 
ing x-ray magnetic circular dichroism (XMCD)fl^, which 
arises from the coupling of the magnetic orientation to the 
x-ray polarization. These experiments were performed at sec- 
tor 4 of the Advanced Photon Source feol . Beamline 4-ID-C 
provides high-resolution polarized x-rays in the intermediate 
x-ray range of 500 - 3000 eV. The x-rays are generated by 
a novel circularly polarized undulator that provides left- and 
right-circular polarization switchable at demand at a polariza- 
tion > 96%. The samples were studied by measurement of 
total fluorescence yield (TFY) using a microchannel plate de- 
tector Fluorescence yield was used both because of its bulk 



2 



sensitivity, as well as the ability to measure in an applied mag- 
netic field. The measurement involves changing the magneti- 
zation direction at each energy point of the absorption curve 
to measure the absorption with photon helicity and magneti- 
zation parallel (/+) and antiparallel (/^). The sum (/+-/^) 
provides chemical information while the XMCD (/+-/^) is 
magnetic in origin. Since the XMCD signal is very small, it 
was confirmed that the XMCD changed sign upon reversal of 
the photon helicity. In addition, x-ray resonant magnetic scat- 
tering (XRMS) was utilized to determine the spatial location 
of the induced SDinl2L .22il . 
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FIG. 2: Comparison of Ge L3 absorption for the Fe/Ge sample and a 
single-crystal (100) standard. Note the distinct drop in the absorption 
for the amorphous case, which is associated with the disorder of the 
amorphous state. Lines indicate the alignment of XMCD features 
with features ascribed to s and d states in the absorption. 

To maximize the interface contribution to the absorption 
signal, a multilayer sample was used. The Fe/Ge multilay- 
ers were prepared by sputtering at room temperature with 
a nominal structure of Si(100)/Ge(100 A)/[Fe(22 A)/Ge(22 
A)]2o/Ge(100 A) as confirmed by x-ray reflectivity and TEM. 
It should be noted here that Ge grown on Fe results in an amor- 
phous structure I23il . With the Ge unit cell being 5.66 A, each 
monolayer (ML) will correspond to ^2 A of Ge from which it 
can be estimated that the interface comprises about 10% of the 
sample. A recent study though claims that this system cannot 
be considered simply as Fe/Ge. A large percentage of inter- 
mixing leading to coexisting Fe and Fe^Gsi-x regions|24|. 
From the details of this study we can estimate that the alloy 
component would comprise at most 25% of the sample. 

Measurement of the polarization-dependent absorption at 
the Ge L edge (see Figure Q provides direct access to the 
electronic and magnetic order of Ge. Due to the dipole se- 
lection rules for x-ray absorption, this excitation details the d 
and s contributions to the spin polarized density of unoccupied 
states. Presence of a nonzero XMCD provides direct evidence 
of the spin-polarized Ge, but more detailed analysis of the data 
requires an understanding of the electronic character of the un- 
occupied states contributing to the XMCD. As will be shown 
below, the XMCD can be considered as consisting of 3 funda- 
mental components: a negative peak close to the Fermi level 



ascribed to spin-polarized s states, higher lying spin-polarized 
d states, and an extended component that may be attributed to 
magnetic extended absorption fine structure 12511 . To assign the 
XMCD to particular electronic states first consider the results 
for bulk Ge, which will provide an initial framework. 

Calculations for amorphous Ge (a-Ge) show the density of 
unoccupied states are nearly the same as crystalline (c-Ge) 
with only small modifications! 26 1. The peaks in the c-Ge 
case result from both from the s and d density of unoccupied 
states as well as multiple scattering from the highly ordered 
crystal 1 27]. The edge for the c-Ge case was described by an 
initial peak due to s states followed by a double-peak feature 
due to d states. Results for the a-Ge system could be repro- 
duced by the same density of states simply by varying the de- 
gree of coherent multiple scattering to simulate the disordered 
amorphous state|27]. A comparison of our results with the 
crystalline case is shown in Fig. |2] and agrees well with pre- 
vious results. Using this result enables an inital assignment 
based on the bulk electronic structure. The first XMCD peak 
in Fig. lilies in the pre-edge region close to the Fermi level, 
which may have important potential impact on spin-dependent 
transport. Bulk electronic structure in this region is predomi- 
nately s character. The second XMCD peak coincides with the 
doublet assigned to d states. This provides an initial assign- 
ment as shown in Fig.|2l which is consistent with the analysis 
of the experimental data and the layer resolved density of state 
calculations, both of which are discussed below. 

With an assignment of features, the dipole selection rules 
enable the determination of orientation between the Fe and 
Ge moments. The XMCD selection rules for p ^ d vs. p 

i|28, 29] allow s and d contributions to the spin moment, 

< Sz >, to be written as: 

< Sz >^< Si> ~2<Sl>^ + ]-<Tz> (1) 

where is the probability ratio for s vs. d excitation and 

< Tz > is the magnetic dipole term. In accord with recent 
results, it can be assumed that ^ ^ 1129] and <Tz > — 
isoll . The important point is that the selection rules result in a 
minus sign between the d \s s XMCD for the same magnetic 
moment direction. Since the initial L3 XMCD is negative for 
Fe (not shown), this is direct evidence of the antiparallel ori- 
entation of the Ge s moment and the 3d transition metal mo- 
ment. The d component has a positive signal indicating that 
the d component of the induced Ge moment is antiparallel to 
that of Fe as well. These results are in agreement with the 
electronic structure calculations presented below. 

Sum rule analysis provides more detailed insight into the 
magnetic structure, but there are difficulties in the application 
to the case of Ge. Without a continuum excitation background 
subtraction and knowledge of the number of 4s and d holes in 
the conduction band, extraction of the spin and orbital mo- 
ments is not possible. This is further complicated by the issue 
that not all of the electrons in the conduction band are spin 
polarized. As well there is charge transfer at the interface, 
which will mix the 3d electrons from Fe with the 4d electrons 
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from Ge. However, the ratio, Rm = AA^^/ AA^^ ' where 
AAl is the area of the respective XMCD peak, can provide 
the ratio of spin to orbital moment. Due to the small signal to 
noise in the spectrum, the peaks were fit with Gaussians, and 
the fit data were used for the energy integration (see Fig[l). 
With small signal to noise, the result can be lead astray by 
noise contributions. Since the purpose is to determine general 
trends in the spin-orbit ratio, the fit works very well and allows 
the two contributions to be separated assuming no overlap of 
the relative features. 

From the area of the separate components, we can deter- 
mine the orbit to spin ratio defined as: 
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In this case we have not included factors for the different 
character of the states. The results are shown in Table |I] 
The numbers for {Lz)/{Sz) provide additional confirmation 
of the character assignment. The s component results in an 
{Lz) ^ 0, and the second peak in the XMCD results in a 
nonzero (i^) consistent with a d component. It is worth not- 
ing that the orbital moment is a significant fraction of the total 
moment and perhaps plays a role in the uniaxial part of the 
anisotropy for Fe/Ge( 100)0. 

TABLE I: Results of XMCD data analysis. 



State 


AAl, 


AAl^ 


Rm 




s 


-0.0090 


0.0092 


-.98 


0.008 


d 


0.0122 


-.0043 


-2.9 


0.5 



To interpret these results theoretically, we turn to density- 
functional theory calculations. Two sets of calculations were 
performed to elucidate different aspects of induced Ge mo- 
ments in Fe: (1) several specific Fe/Ge interface models 
representing varying degrees of Fe-Ge intermixing and (2) 
fixed-spin-moment calculations for bulk Ge, for the pur- 
pose of estimating the ratio between induced /^-moments 
(which are the largest) to s and d moments (which are mea- 
sured by the L edge XMCD). The calculations were per- 
formed within the generalized-gradient approximation, using 
projector-augmented- wave potentials i3ll I32I1 . The plane- 
wave cutoff and k-point sampling were sufficient to converge 
all quantities to the precision given. 

To study Fe/Ge interfaces, we used three models introduced 
previously for Fe/GaAs interfaces 1 18]. All are 1x1 interfaces 
between crystalline Ge and Fe, with the interface boundary 
either atomically abrupt or slightly intermixed (with 0.5 and 
1.0 monolayers of Ge in the Fe host). The isolated interfaces 
were modeled by supercells containing seven layers each of 
Ge and Fe, with atomic coordinates completely relaxed within 
two layers of the interface. The induced Ge moments for the 
abrupt interface are shown in Fig. |3l the results for the other 
two models are qualitatively similar. The interfacial Ge layer 
has a moment of 0.06 fiB antiparallel to the Fe magnetiza- 
tion. Although small, this is roughly half the value obtained 
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FIG. 3: Layer-resolved calculated moments for an ideal Fe/Ge in- 
terface. The inset shows the average total moment for the structure, 
since XMCD in absorption is an average over all layers that con- 
tribute a magnetic signal. 



for isolated Ge and thus appears reasonable. Ge atoms one 
layer away from the interface are less polarized (in the Fe di- 
rection), and further layers are essentially nonmagnetic. The 
Ge moments near the interface are predominantly p-like. 

However, the L-edge XMCD is only sensitive to the s and d 
components of the total Ge moment. For the calculations de- 
scribed above, these contributions were only ~ 10% of the al- 
ready small total Ge moment and hence are numerically diffi- 
cult to resolve. To determine these ratios more systematically, 
we performed fixed-spin-moment calculations for crystalline 
Ge, varying the total moment, M, from zero to l.SfiB- For 
each value of M, we computed thes, p, and d contributions 
within an atomic sphere. The ratios M^/Mp and M^/Mp are 
remarkably independent of the total moment. They do, how- 
ever, depend strongly on the sphere radius used: for touching 
spheres Ms/Mp=0.3 and Md/Mp=0. 1, while for volume-filHng 
spheres Ms/Mp=0.1 and Md/Mp=0.3. Most importantly, the i- 
and (i-moments are always parallel to the p-moment. These re- 
sults are completely consistent with the results obtained above 
for the Fe/Ge interface. Hence, from these calculations, we 
conclude that the induced s- and c/-moments on Ge atoms near 
the Fe/Ge interface are ~ 0.01 /is, and are antiparallel to the 
Fe magnetization direction. However, since the XMCD aver- 
ages over all layers, this measurement alone does not deter- 
mine that the moment is localized at the Fe/Ge interface. 

Indications of the localization of the Ge magnetic moment 
at the interface are provided by measurements of the x-ray 
resonant magnetic scattering (XRMS). Since XRMS probes 
changes in the chemical and magnetic density profile, it is 
very sensitive to the interface between two distinct elements. 
Figurel^shows the average, as well as helicity-dependent sig- 
nal arising from the Ge moment. Since XRMS examines the 
density profile, it is most sensitive to smooth interfaces with a 
distinct change in the chemical profile. For the case of the Fe- 
Ge alloy, the interface will not be well defined and should not 
result in a strong signal. The results here show a strong mag- 
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with the following structure was prepared: Si/polycrystalline 




Fe(50 A)/amorphous Ge(16 A). X-ray photoelectron spec- 
troscopy (XPS) showed the sample was free from contami- 
nation and there was minimal intermixing of Fe and Ge. The 
measured XMCD spectra of the single Ge layer and the Fe/Ge 
multilayer are identical (see Fig. O, which proves that the 
moment is formed at the Fe/Ge interface and not due to an 
FsxGei-x phase. Future work will focus on these single-layer 
structures to extract more a more detailed understanding of the 
interface electronic and magnetic structure. 

Use of the Advanced Photon Source was supported by the 
U.S. Department of Energy, Office of Science, under Contract 
No. W-31-109-Eng-38. Computations were performed at the 
DoD Major Shared Resource Centers at ASC. This work was 



respect to the plane of sample. Strong magnetic signature of the same supported in part by the Office of Naval Research, 
magnitude provides indication that the induced magnetic moment co- 
incides with the Fe/Ge interface. 



netic component that is of the same magnitude as the absorp- 
tion result. This is a good indication of the moment localized 
near the Fe/Ge interface. Questions remain though concern- 
ing the presence of intermixed regions and how such a region 
would contribute to the magnetic signal. 
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FIG. 5: Comparison of XMCD from Fe/Ge multilayer and a 16 A 
Ge film grown in situ on polycrystalline Fe. Within the noise, the 
two spectra are identical. Since the later shows minimal alloying of 
Fe, this is a good indication that the magnetic component resides at 
an Fe/Ge interface and is not due to an Fe-Ge alloy phase. 

To confirm our result and rule out the possibility of this 
magnetic phase being ascribed to an alloy , an amphorous Ge 
thin film was prepared in situ on a clean polycrystalline Fe sur- 
face. As mentioned above, a previous study of Fe/Ge/Fe struc- 
tures provided evidence for the formation of an Fe-Ge alloy 
phase|241. The results of this paper concluded that the alloy 
formation occurred during the Fe on Ge growth, not for the Ge 
grown on Fe. Using a UHV surface science chamber, a sample 
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